A model to predict voluntary water intake (WI) of a pig fed a known diet in a known environment is described. The daily retentions of protein, lipid, water and ash were estimated over time using a published pig growth model. Food intakes were estimated using published methods. WI was estimated by adding the amounts required for digestion (WD), faecal excretion (W fec ), growth (WG), evaporation (WE), urinary excretion (WU) and by then subtracting the water arising from feed (WF), from nutrient oxidation (WO) and synthesis of body constituents (WS). WD was predicted assuming an absorption of water of 0´10, 0´16 and 0´07 kg/kg digestible carbohydrate, crude protein and lipid respectively. W fec was estimated taking into account the water associated with the undigested protein (0´86 kg/kg), diethyl ether extract (212´11 kg/kg), crude fibre (1´86 kg/kg), ash (20´42 kg/kg) and N-free extract (4´4 kg/kg). The basal level of WE was estimated from the heat production of the pig fed ad libitum (MJ/d) as: 0´25 Â metabolizable energy 2 energy retained as protein and lipid Â 0´4Y where 0´25 is the assumed proportion of the insensible heat loss at the comfort temperature and 0´4 is the water lost per MJ dissipated heat. WE in a hot environment was predicted by assuming that evaporation increased up to three times the basal level to offset the decreased sensible heat loss. To predict WU a water requirement for renal excretion of 2´05 and 3´40 kg/osmol excreted N as urea and minerals respectively was assumed. The urinary load of N and minerals was predicted from the intake of digestible nutrients and their retention. From the oxidation of 1 kg carbohydrate, protein, and fat it was assumed that 0´6, 0´42 and 1´07 kg water (WO) were released respectively. WS was predicted by assuming a release of 0´16, 0´07 and 0´57 kg water per kg retained protein, retained lipid coming from digestible lipid, and retained lipid coming from digestible carbohydrate respectively. The model is strongly rooted in a theoretical structure. When its predictions were compared with data from suitable experiments, the results were not significantly different. Both the pattern and the magnitude of responses of the model to changes in body weight, feed intake and environmental temperature are sensible and it allows a fuller prediction of voluntary water intake than the methods currently available.
indicate how this ratio can vary substantially according to several factors such as environmental temperature, the protein and mineral content of the diet, body weight and health status.
In many European countries, water is increasingly becoming an important resource. Water use in animal husbandry is regulated by laws concerned with animal welfare, and the environmental impact of slurry disposal. As a consequence it is important to try to estimate more precisely the amount of water needed by the pig as an inadequate water provision may also have deleterious effects on animal performance.
As many factors influence the water requirement we have chosen to examine the theoretical effects of each of several factors in a model simulating the animal water metabolism. In this present paper, a first model to predict water intake of a growing pig is proposed.
Definition of the system boundaries
Following a factorial approach, voluntary water intake can be considered to be influenced by the variable amounts of water required to meet several physiological functions: digestion of nutrients, faecal excretion, growth, evaporation, osmotic regulation and urinary excretion of the end products of protein catabolism, salts, drugs, toxic compounds and antibiotics. Water demand can be greatly affected by water quality (Brooks & Carpenter, 1990) and acid±base balance (Kemme-Kroonsberg, 1993; Patience & Chaplin, 1997) . Non-physiological factors can also affect water consumption. Among these are: the type and the number of drinkers available in the pen and the water delivery rate (Brooks & Carpenter, 1990; Laitat et al. 1999; Turner et al. 1999) ; the presence of diuretic or antidiuretic substances in the diet, such as some antibiotics (Brooks & Carpenter, 1990) ; the health status of the animal and anomalous behaviours such as polydypsia (Appleby & Lawrence, 1987; Klopfenstein et al. 1996) . All these factors, however, can be considered as deviations from the theoretical ideal working conditions of the pig's basal physiology.
Voluntary water intake has been shown to be stimulated by both a rise in extracellular osmolality and a fall in blood volume (Fitzsimons, 1979) , but Houpt & Anderson (1990) failed to find any evidence of an action of hypertonicity and hypovolaemia in stimulating drinking in pigs given food and water ad libitum. The effects of these mechanisms are likely to operate only when the pig is forced to eat, in a single meal, a large amount of food. Under ordinary feeding conditions it can be assumed that the pig drinks in order to replace the amounts of water lost and stored in the body tissues. A basal model to predict the voluntary water intake can be developed by considering, in the first instance, the following simplified system: (1) the pig is fed a known diet under ordinary feeding regimens (feed is not strongly restricted); (2) the environmental temperature is known; (3) the animal has free access to a free surface of pure water; (4) no drugs, antibiotics or other diuretic or antidiuretic substances are given to the animal; (5) the animal is in good health and no anomalous behaviours are observed.
On the basis of these assumptions water demand for each physiological function can be related to some of the several steps of the process of nutrient utilization as shown in Fig.  1 
Definition of the model components

Growth of body constituents and prediction of nutrient excretion
The prediction of the growth of each of the body constituents (protein, lipid, water and ash), and of the whole pig, is the necessary first step in order to estimate the excretion of chemical elements and compounds and water flows through the animal. To this purpose the general growth model for mammals of Emmans (1988 Emmans ( , 1997 , and of Ferguson et al. (1994) for pigs, has been adopted with few changes. In the present model feeds are firstly described in terms of their proximate composition, and their contents of amino acids and minerals (Ca, P, Na, Cl, K, Mg and S). Apparent digestibility coefficients are required as inputs to apply the model and faecal excretions are measured as the difference between the proximate and the digestible intakes. Similarly, the urinary excretions of N and minerals are obtained as the difference between the digestible nutrient intake and the retention. N is contained in different urinary compounds (urea, NH 3 , creatinine and allantoin), but since urea represents a predominant proportion of the total N excretion, it can be assumed, at least in this first instance, that it is completely excreted as urea. The supply of minerals is assumed not to be limiting. The original growth model of Ferguson et al. (1994) predicts daily ash retention but not its composition. From published data obtained on pigs at different ages at slaughter (Mahan & Shields, 1998) , the proportions of Ca, P, Na, K and Mg were calculated to be 293, 184, 27, 34 and 7 g/kg ash respectively. From the data of Mudd et al. (1969) it was assumed that the Cl content of ash is about 0´8 that of Na (21´5 g/kg). Differences in the amount or composition of body ash are expected to have a very little effect on the urinary excretion of water so these proportions are assumed to be constant during growth. Retention of S is related to the proportion of methionine and cystine in the retained protein, since they contain 21´4 and 26´4 % S respectively (Blaxter, 1989) .
Water gained from the feed
A pig eating a given diet is obliged to`drink' the water contained in the feed. The amount of water consumed in this way is the product of feed consumption and its moisture content. The proportion of water gained from the feed is small in the case of dry diets, such as those based on cereals and soyabean meal. However, the contribution of feed water to water supply may be considerable when the diet includes high moisture feeds. Liquid by-products such as skimmed milk, whey, brewery washings, the residues from starch manufacture, ensiled products and grass or roots are regularly used in some regions to feed pigs, depending on their cost and local availability. Water consumption with feeds can be very high in the case of diets distributed to the animals through pipelines in liquid form. Since the normal proportion of water to feed intake is in the range of 2´5:1 and 5´0:1, the water gained by this route could be sometimes higher than the desired WI. In this case the model assumes that the animal will reduce voluntary water intake to zero, and that the excess water is removed through the urine.
Water demand for digestion
The model makes the simplified assumption that during digestion polysaccharides, protein and triacylglycerol are hydrolysed to monosaccharides, amino acids, fatty acids and glycerol before being absorbed through the intestinal wall. The hydrolytic reaction requires 1 mol water for each mol simple nutrient released. Water requirement for the digestion of carbohydrate can be approximately assessed by dividing the mass of digested carbohydrate by the average relative molecular mass of their main constituent monosaccharide (glucose) and multiplying it by the relative molecular mass of water. For the purpose of this model the digestible N-free extract was assumed to be equivalent to digestible carbohydrate. A similar stoichiometric approach can be adopted to calculate the water requirements for the digested protein and lipid. Thus, water requirement for the digestion of the dietary constituents can be estimated as:
WDkgad 18a162DCHO 18a110DCP 18a268DLX 2 This is equivalent to:
where DCHO is the digested carbohydrate (kg/d), DCP is the digested protein (kg/d), DL is the digested lipid (kg/d); 18 is the relative molecular mass of water, 162 is the relative molecular mass of glucose 21 mol water; 110 is the assumed average relative molecular mass of amino acid 21 mol water, 268 is the assumed average relative molecular mass of fatty acid +1/3 relative molecular mass of glycerol 23 mol water. The assumed average relative molecular mass of fatty acid is that of the palmitic acid.
Water demand for faecal excretion
According to Brooks & Carpenter (1990) W fec is assumed to depend on the amount of water retained by each faecal constituent. Important connections between the fibrous components and the water contents of the faeces have been demonstrated for pigs by Cooper & Tyler (1959a,b) and for human subjects by Forsum et al. (1990) . However, no useful data have been as yet published to evaluate the amount of water held by each faecal component. For a preliminary evaluation, a data set (Table 1 ) of 150 faecal grab samples collected in the research station of the University of Padua, Italy, from eight miniature pigs eating twenty-three different feeds in twelve consecutive digestion trials (G Bittante, S Schiavon and L Bailoni, unpublished results) has been used. The pigs were fed at maintenance; according to the results of Kornegay & Graber (1968) , the level of feed intake was not considered to affect faecal moisture content. In this data set only the proximate analysis was known and so the amounts of water associated with the various fibrous fractions were not evaluated. The following equation has been evaluated by running a multiple regression analysis of the data set:
W fec gakg fresh faeces aCP fec bCEE fec cCF fec dASH fec eNFE fec Y 4 where CP fec is the faecal crude protein (g/kg), CEE fec is the faecal diethyl ether extract (g/kg), CF fec is the faecal crude fibre (g/kg), ASH fec is the faecal ash (g/kg), NFE fec is the faecal N-free extract (g/kg) and a, b, c, d and e are coefficients measuring respectively the amount of water associated with each chemical compound.
Results, given in Table 2 (G Bittante, S Schiavon and L Bailoni, unpublished results), showed that crude protein, crude fibre and N-free extract were associated with about 860, 1865 and 4440 g water/kg undigested nutrient respectively. Diethyl ether extract significantly decreased faecal moisture (212 108 g/kg), probably because of its hydrophobic characteristics.
With an adequate data set the equation could be improved by replacing crude fibre and N-free extract with the various carbohydrates fractions (i.e. cellulose, hemicellulose, pentosanes, pectins, gums and lignin) which greatly differ in their physical properties (Graham & Aman, 1991) . The physical structure of the feed source should be also taken into account (Robertson & Eastwood, 1981) .
Water demand for growth
According to Emmans (1988) and Emmans & Kiriazakis (1997) the relationship between body protein and water can be described as:
where BW is the body water content (kg), a is a coefficient which depends on mature protein weight, P is the body protein (kg) and b is the allometric coefficient which is estimated for pigs to be close to 0´855 (Emmans & Kiriazakis, 1997) . The equations can be used to derive water retention with regard to protein retention (dBW/dP) as:
The daily amount of water stored during growth is then obtained from:
where dP/dt is the daily protein retention (PR), obtained as described by Emmans & Fisher (1986) .
Water arising from the synthesis of body protein and lipid
When amino acids, carbohydrates, fatty acids and glycerol are bound again to form macromolecules WS is proportional to the amount of protein and lipid retained and to the chemical nature of the source used. To estimate WS, a prediction of the metabolic fate of the absorbed nutrients is required. To this purpose, and on the basis of the results of Emmans (1994) , the following assumptions were made: (1) the digested protein that is not retained (DCP2PR) is completely oxidized; (2) digested lipid (DL) is retained with an efficiency of 0´9 so that its contribution to lipid retention (LR) can be evaluated as:
Then the lipid retention from carbohydrates is calculated as:
where LR is obtained as described by Emmans (1997) . It is assumed that 0´16 and 0´07 g water are released for each g PR and LR (DL) respectively. Water arising from the metabolic conversion of carbohydrate to lipid is calculated on the basis that the synthesis of 3 mol palmitic acid from glucose is associated with release of 24 mol water (Blaxter, 1989) . Another 3 mol water are gained when fatty acids and glycerol are bound together in triacylglycerol (relative molecular mass 806). A lipid retention of 806 g (3 mol palmitic acid and 1 mol glycerol) is associated with a release of water of 486 g (27 mol) that, in relative terms, is 0´60 g water/g retained lipid. So WS can be estimated as:
Water arising from nutrient oxidation Metabolic water arising from the oxidation of carbohydrates, protein and lipid can be derived from the stoichiometry of the respective reactions. The oxidation of 1 kg carbohydrate, protein and lipid produces 0´60, 0´42 and 1´07 kg water respectively (Van Es, 1969) ; similar values were reported by National Research Council (1998) . The proposed equation is:
where POX is the oxidized protein (kg/d), calculated as DCP 2 PRY LOX is the oxidized lipid (kg/d), obtained as DL 2 LRDLY DCHOOX is the oxidized carbohydrates (kg/d), obtained as a difference between the digestible carbohydrates (DCHO) and the amounts used to form lipid (DCHO S ). In turn, DCHO S is computed assuming that 2´81 and 0´98 g glucose are required to form 1 g palmitic acid and 1 g glycerol respectively (Blaxter, 1989) , and that the proportions of glycerol and palmitic acid in the synthesized lipid are 0´11 and 0´89. Thus, the amount of carbohydrate used for lipid synthesis can be obtained as:
This can be simplified to:
Water demand for evaporation
Heat partition between sensible (SHL) and insensible (IHL) heat losses of mammals, according to different environmental temperatures, was graphically described by Robertshaw (1981) , Blaxter (1989) and Knap (1999) . A simplified scheme is given in Fig. 2 . The energy cost of cold thermogenesis (b) is about 0´018 MJ ME/8C per unit metabolic body weight for pigs housed singly, and 0´012 MJ for pigs housed in groups (Whittemore, 1993) .
Using these values the environmental demand of sensible heat (SHLd) can be approximately described by the linear function:
where T8 is the environmental temperature, LW 0´75 is the metabolic weight and a is a value ranging from 0´72/ LW 0´75 to 0´48/LW 0´75 (MJ/kg 0´75 ), according to the value of b, since SHL tends to be zero at about 408C.
For a pig fed ad libitum in a thermally neutral environment, total heat production (HP lib ) is predicted as the difference between the desired metabolizable energy intake (ME lib ) and the desired energy retention (ER lib ) (Emmans & Fisher, 1986) . In the pig eating spontaneously, the basal level of the insensible heat loss at thermoneutrality (IHL lib ) accounts for approximately 20±30 % total heat production (Mitchell & Kelly, 1938; Holmes & Mount, 1967; Close & Mount, 1978) . On this basis, the partition of heat production is predicted as: For a pig fed a restricted diet heat production (HP) is Fig. 2 . Partition of heat production into sensible (non-evaporative) and insensible losses per unit of surface area. ÐÐ, heat production; ± ±, sensible heat losses; ----, insensible heat losses. (Modified from Blaxter, 1989.) lower than HP lib and, consequently, the critical temperature will be higher than that of the pig fed ad libitum. Nevertheless, the results of Blaxter et al. (1959) and Close & Mount (1978) indicate that the amount of heat lost by evaporation (IHL) below the critical temperature can be considered the same as that of the animal fed ad libitum. The comfort temperature (Tc) of a pig receiving a restricted diet is that where the environmental demand for sensible heat (SHLd) is met by the amount of heat the pig will dissipate by the sensible route without needing to increase evaporation, or when SHL HP 2 IHL lib X Thus, Tc can be predicted by replacing SHLd of equation 14 by SHL (i.e. HP 2 IHL lib and transforming to obtain:
If:
IHL IHL lib X 20
When T8 . TcY evaporation necessarily becomes a major avenue of heat loss, since non-evaporative or sensible heat loss is progressively reduced to zero. Various experimental results, reviewed by Knap (1999) , suggest that the pig is able to offset the decrease in sensible heat loss by doubling the skin loss and tripling the lung loss. According to Knap (1999) , it is assumed that the pig can increase, by up to three times, the basal level of IHL lib. Thus IHL can be estimated as:
IHL . 3IHL lib Y 22 then:
In this case, the maximum amount of heat that the pig is able to dissipate to the environment is:
In a hot environment (Fig. 2) it is assumed the pig must reduce HP, through a reduction of feed intake, in order to maintain HP HPd (Knap, 1999) . WE (kg/d) is finally obtained assuming a loss of 0´4 kg water for each MJ heat dissipated as vapour (Blaxter, 1989) :
Water demand for urinary excretion When water intake is restricted, the urinary water excretion is calculated as the difference between water intake and the water lost and stored in the body tissues. In such cases the urinary losses will be proportionately reduced until the maximum renal ability to concentrate the urine is reached (for pig about 1 osmol/l; Brooks & Carpenter, 1990) . After that it is assumed that a reduction in feed intake will occur due to the impossibility of the excretion of end products of catabolism (Agricultural Research Council, 1981) . When access to water is free and the feed is not strongly restricted, water consumption is related to the water demand for the urinary excretion. In turn, this depends on the amount of N compounds and electrolytes that need to be removed through the kidney (Agricultural Research Council, 1981; National Research Council, 1988) . In mathematical terms this can be expressed as:
WUkgad aN bS cCa dP eNa fCl gK hMgY 26
where a, b, c, d, e, f, g and h are the water requirements for the renal excretion of 1 osmol each of N, S, Ca, P, Na, Cl, K and Mg respectively. The ability of the kidney to concentrate urine has been widely studied in the past on animals of different species (Epstein et al. 1957a,b; Levinsky et al. 1959; Fitzsimons, 1979 , Patience & Chaplin, 1997 . Unfortunately the results are not useful in trying to evaluate urinary water requirements when the animal has free access to water and does not consume any antidiuretic substances. The results of Gamble et al. (1929 Gamble et al. ( , 1934 , in experiments where increasing loads of urea or salts were added to the diets of adult rats and free water consumption was measured, indicated that: (1)`¼water requirement for the removal in urine of n osmols of Na, Cl, K, Ca, Mg, P and S, is the same for each of them and, when a mixture of them enter the urine, their requirements are directly additive¼`; (2) ¼water requirement for the removal of urea in urine is less than the water requirement for the removal of the same number of osmols of Na, Cl, K, Ca, P, S and Mg. ' The equation that we propose in the present paper assumes that the terms are additive. The results of several experiments (Gamble et al. 1934; Epstein et al. 1957a,b; Levinky et al. 1959; Fitzsimons, 1979) do not completely agree with this assumption, because when urea and salts were added to the diet in different proportions, the osmolality of urine was higher than was expected. Not enough information is available, however, to develop a general and simple rule to describe the effect of urea on the total urinary excretion of water. In addition, the equation does not consider the possible hypertonic effect occurring when the animal is forced to eat large amounts of food in a few meals. Further improvements in the functional form of the equation used are needed in order to take into account: (1) the effect of the acid±base balance on renal excretion (Kemme-Kroonsberg, 1993); and (2) the effects of pentosans, such as xylose and arabinose, that might require a lot of water when excreted in the urine (Schutte et al. 1991 (Schutte et al. , 1992 .
No useful information has been found to quantify the amounts of water required by pigs for the removal in urine of N and minerals. Some experiments have been published concerning NaCl and pig performances and water consumption (Hangsten & Perry, 1976a,b; Seynaeve et al. 1996; Patience & Chaplin, 1997) , but their data were not suitable. This was mainly because the effect of the dietary NaCl content on water consumption was also affected by the variable amounts of feed eaten. Other shortcomings in the data, for our purposes, were: the urinary osmotic load, including the contribution of N and electrolytes, were not provided; the urinary excretion of water was not presented; water was not freely available.
Water requirements for urinary excretion: an experimental contribution
Material and methods
To evaluate the effect of the rate of feed consumption, and of the osmotic load, on the urinary excretion of pigs an investigation was performed. Six pigs housed in metabolic cages, were fed, from 40 to 120 kg body weight, a diet containing 150 g crude protein/kg DM. It had 0´9, 1´8, 9´5, 6´0, 5´2, 0´4 and 0´3 g Na, Cl, Ca, P, K, Mg and S/kg DM respectively. A Latin square design was used to divide the pigs into two groups with food freely available for 24 h/d (ad libitum) or only for 4 h/d (time-restricted). The pigs were adapted to the feeding regimen for 15 d and the experimental diets were then fed for 42 d. The three pigs in each group alternatively received, in three sub-periods of 14 d, three different levels of NaCl (0, 15 and 30 g/kg) in addition to the feed. Housing temperature was kept between 10 and 158C. Feed and water consumption, and urine production, were recorded during the last 10 d of each experimental sub-period. Samples of urine were collected to be analysed for their osmolality by freezingpoint depression (Hermann Roebling Mebtechnik, Berlin, Germany). The contribution of N to the total osmolality was assessed by measuring the Kjeldhal N content of urine (Association of Official Analytical Chemists, 1990) and expressing its value as urea equivalents. The urinary contents of Ca, K, Na and Mg were measured by means of an atomic absorption spectrophotometer (PerkinElmer 5000; PerkinElmer Instruments, Norwalk, CT, USA) after wet ashing of the samples (Association of Official Analytical Chemists, 1990). P, Cl and S contents were measured using the procedures of the photometric, the mercuric nitrate and the turbidimetric methods respectively described by Association of Official Analytical Chemists (1990) . The GLM procedure of the Statistical Analysis Systems statistical software package, version 6 (SAS Institute Inc., Cary, NC, USA) was run to test the effects of period, feed regimen, group of animal, individual pig (within group), salt level and sub-period on urine osmolality. Period and feed regimen were tested on the group variance and the remaining effects on the residual variance. Regression of the osmotic loads (osmol/d) of N (x N ) electrolytes (x e ) excreted in the urine, with and without an intercept, v. the urinary production (y; l/d) was performed, within each method of feed distribution.
Results and discussion
Urine osmolality was not significantly affected by the experimental periods, the pigs and dietary salt levels, but urine osmolality was significantly higher for the pigs fed ad libitum compared with those receiving a time-restricted diet (0´37 v. 0´26 osmol/l respectively; SE 0´03; P , 0´01). The daily osmotic load of N, expressed as urea equivalent, ranged from 0´032 to 1´434 osmol/d and that of the electrolytes ranged from 0´147 to 1´829 osmol/d.
The relationships between the urinary volume and the osmotic loads are given in Table 3 . With y urinary volume (litres/d), x N N osmotic load (osmol/d) and x e mineral osmotic load (osmol/d) the best relationship on feeding ad libitum was y 2´05x n 3´40x e (residual SD 1´22 litres/osmol). This suggests a water requirement for the urinary excretion of about 2´05 and 3´40 litres water/ osmol for urea and electrolytes respectively. For the timerestricted feed regimen the intercepts and the slopes were substantially higher. This was likely to reflect the hypertonic effect of a faster rate of food consumption on the amount of water drunk (Houpt & Anderson, 1990) . The standard errors of the slopes, in particular those for N, and the residual variability, were high for both the two feeding regimens. These relationships should be taken as an approximation. In this experiment, only the NaCl load was changed and the influence of a changed N load remains to be investigated.
In conclusion, under ordinary feeding conditions WU RSD, residual standard deviation. *P , 0´05Y **P , 0´01Y ***P , 0´001X ² For details of procedures and mathematical models see p. 874±879. ³ n 3 pigs per group.
can be approximated by the equation:
WUkgad 2´05Na2 3´40Ca P Na Cl K
Mg SY 27
where N/2 is the load of N excreted, expressed as osmol/d of urea, and Ca, P, Na, Cl, K, Mg and S are the urinary excretion of each mineral expressed in osmol/d. Under restricted feeding conditions a considerable increase in the urinary loss can be expected.
Evaluation
The model was evaluated by checking for both mathematical and logical consistency throughout the whole process of development. Preliminary testing can be achieved by comparing the output responses simulated by the model with those measured in the real system. No full comparison can be made without complete details of the experimental conditions that are required as inputs for the model. In addition the model outputs allows us to evaluate the contribution of each single component to the whole response, while the experimental data commonly provide only aggregate measurements, or alternatively only some of the various components of the water balance. Information about the animal, its diet and the environment is required to operate the model. The model was compared using the data from six studies (Holmes & Mount, 1967; Close et al. 1971; Mount et al., 1971; Verstegen et al. 1973; Hangsten & Perry, 1976a ) that reported feed and water consumption of growing pigs kept at various temperatures (from 7 to 338C). Two data sets from pigs eating ,20 g/kg body weight, and one corresponding to a diet containing ,1´1 g NaCl/kg, were excluded from the test set. In the test data set there were sixty-eight data points for pigs ranging from 17 to 74 kg live weight, eating from 0´7 to 3´51 kg feed/d, receiving variable amounts of minerals and consuming from 2 to 9 litres water/d. Since Holmes & Mount (1967) and did not state the mineral composition of the experimental diets, the proportions of Ca, P, Na, Cl, K, Mg and S in the diet were assumed to be 10´0, 9´0, 2´0, 2´0, 7´0, 1´3 and 0´4 g/kg DM respectively. For the experiment of Hangsten & Perry (1976a) it was assumed that the pigs were kept at 208C. The genotype of the simulated pig was described (Emmans, 1997) by assuming a protein mass at maturity of 35´5 kg, a value of the Gompertz rate parameter B of 0´0093/d, a lipid mass:protein mass ratio at maturity of 3´0 and an allometric coefficient of lipid:protein of 1´77. These values were assumed to correspond to an unimproved pig genotype (Knap, 2000) . The simulation was run assuming the following apparent digestibility coefficients as inputs: 0´84, 0´77, 0´44, 0´90, 0´60, 0´50, 0´90, 0´85, 0´75 0´80 and 0´80 for crude protein, diethyl ether extract, crude fibre, Nfree extract, Ca, P, Na, Cl, K, Mg and S respectively. The biological value of protein was assumed to be 0´7.
The various outputs obtained during the simulation were summarized in terms of mean and variability measurements, and compared with the observed water consumptions. The GLM procedure of the Statistical Analysis Systems statistical software package, version 6 (SAS Institute Inc.) was used to test the differences between the simulated and the observed values of water intake and of the water:feed ratio.
The simulation predicted that urinary excretion and evaporation were the major routes of water loss (Table 4) . On average, the urine loss was about 3´30 (SD 1´26) kg/d and the vapour loss was 1´70 (SD 0´89) kg/d. Allowing for the water demand for digestion (0´11 kg/d), for faecal excretion (0´36 kg/d) and for growth (0´29 kg/d), the average total water demand was estimated to be 5´77 kg/ d. As expected, the amounts of water gained from the feed (0´17 kg/d), from nutrient oxidation (0´35 kg/d) and from the synthesis of body constituents, were all low. The predicted WI was on average 5´15 (SD 1´77) kg/d and ranged between 2´37 to 8´45 kg/d. The predicted water:feed ratio varied between 2´20 and 4´86. The simulated values of the above described variables varied within the ranges reported by Agricultural Research Council (1981) and National Research Council (1988) . The mean simulated and observed values for water intake and the water:feed ratio did not differ significantly (P 0´45 and P 0´23 respectively). The regression of observed WI (y) values v. predicted WI (x) values was performed (Fig. 3) . The resultant relationship was y 0´95x (residual SD 0´92, SE of slope 0´02, R 2 0´75). The value of the slope indicated that overall the model was consistent with the experimental observations, but about 25 % of the variability remained unexplained.
To test if the model was responding in a sensible way to changes in live weight, feed intake and environmental temperature, the measured and the simulated water intakes were also plotted and regressed against each source of variation and the slopes were performed and compared (Figs 4, 5 and 6). As expected, the R 2 values of all of the equations were low, reflecting the fact that each single source of variation explains little of the whole variability. For the measured and simulated water consumptions the values of the slopes were: 76 (SE 10) and 84 (SE 8) g water/ kg body weight, 2´13 (SE 0´31) and 2´39 (SE 0´25) kg water/kg feed and 0´120 (SE 0´027) and 0´116 (SE 0´025) kg water/8C respectively. Since the differences between each pair of slopes were lower than the corresponding standard errors it was concluded that the model was responding in a sensible way to the various sources of variation. This agreement was obtained despite the various simplifying assumptions that were necessarily made in the model. ; n 68 observations). For details of procedures and mathematical models see p. 874±879. Fig. 4 . Effect of body weight on the measured (X, Ð) and the simulated (W, ± ± ±-) values of water intake (n 68 observations). The regression for the measured values was y 0´076x 1´96 (residual SD 1´40 kg/d, R 2 0´45, SE of the slope 0´010); that of the predicted values was y 0´084x 1´87 (residual SD 1´09 kg/d, R 2 0´62, SE of the slope 0´008). For details of procedures and mathematical models see p. 874±879. Fig. 5 . Effect of feed intake on the measured (X, Ð) and simulated (W; ± ± ± ±) values of water intake (n 68 observations). The regression for the measured values was y 2´13x 1´57 (residual SD 1´45 kg/d, R 2 0´41, SE of the slope 0´31); that of the predicted values was y 2´39x 1´40 (residual SD 1´15 kg/d, R 2 0´58, SE of the slope 0´25). For details of procedures and mathematical models see p. 874±879. Fig. 6 . Effect of the environmental temperature on the measured (X, Ð) and the simulated (W; ± ±-) values of water intake (n 68 observations). The regression for the measured values was y 0´120x 2´59 (residual SD 1´66 kg/d, R 2 0´25, SE of the slope 0´027); that of the predicted values was y 0´116x 2´90 (residual SD 1´55, R 2 0´24, SE of the slope 0´025). For details of procedures and mathematical models see p. 874±879.
Conclusions
The main purpose of this present work was achieved. Assuming free access to a pure water surface the voluntary water intake of a pig growing on a known diet in a given environment can be predicted using a factorial approach to estimate the amount of water required to meet the different physiological demands. The model is strongly rooted in a theoretical structure in which each step has been developed using experimental data. The pattern and the magnitude of responses to the relevant variables are both sensible. The model allows a good prediction of voluntary water intake and excretion and would seem to be better than other means that are currently available.
Some refinement of the simplified relationships described in this basal model would be desirable. Experiments are needed to quantify water retention by faecal constituents, in particularly of the fibre fractions, and to evaluate the effect of the rate of feed consumption and meal frequency on the amount of water required for the osmotic regulation of the body compartments. A more accurate assessment of the water demand for the urinary excretion of N compounds and electrolytes, as well as the collection of new information to predict the partition of minerals between faeces and urine, would also be expected to improve the model. Further efforts should consider including in the model the effects of atmospheric humidity and of the temperature of the drinking water on the water demand for thermal regulation. The model can, in principle, be expanded to consider other non-physiological factors. These would include the type and the number of drinkers available in the pen, the water delivery rate, the presence of diuretic or antidiuretic substances in the diet, the health status of the animal and anomalous behaviours such as polydypsia.
